Introduction
According to the Intergovernmental Panel on Climate Change (IPCC 2012), significant changes in the frequency, spatial extent, and duration of temperature extremes can be expected in future climate. Since these extremes have major effects on various human and natural systems, it is relevant to assess projected changes to temperature extremes in a future warmer climate. Based on observations gathered since 1950, an overall decrease in the number of cold days, and an overall increase in the number of hot days have been reported at the global scale (IPCC 2012 (IPCC , 2013 . Furthermore, a decrease in the frequency of cold days and an increase in the frequency of hot days have been suggested for the twenty-first century, based on projections of global climate models contributing to the Coupled Model Intercomparison Project Phases 3 and 5 (CMIP3 and CMIP5) (IPCC 2012 (IPCC , 2013 Ma et al. 2012; Peings et al. 2013; Sillmann et al. 2013) . Several studies (e.g., Beniston et al. 2007; Islam et al. 2009; Kunkel et al. 2010; Fischer and Schӓr 2010; Ramos et al. 2011 ) have investigated climate change impacts on temperature extremes at the regional scale by using outputs of regional climate models Abstract Cold temperature and associated extremes often impact adversely human health and environment and bring disruptions in economic activities during winter over Canada. This study investigates projected changes in winter (December to March) period cold extreme days (i.e., cold nights, cold days, frost days, and ice days) and cold spells over Canada based on 11 regional climate model (RCM) simulations for the future 2040-2069 period with respect to the current 1970-1999 period. These simulations, available from the North American Regional Climate Change Assessment Program, were obtained with six different RCMs, when driven by four different Atmosphere-Ocean General Circulation Models, under the Special Report on Emissions Scenarios A2 scenario. Based on the reanalysis boundary conditions, the RCM simulations reproduce spatial patterns of observed mean values of the daily minimum and maximum temperatures and inter-annual variability of the number of cold nights over different Canadian climatic regions considered in the study. A comparison of current and future period simulations suggests decreases in the frequency of cold extreme events (i.e., cold nights, cold days and cold spells) and in selected return levels of maximum duration of cold spells over the entire study domain. Important regional differences are noticed as the simulations generally indicate smaller decreases in the characteristics of extreme cold events over western Canada compared to the other regions. The analysis also suggests an increase in the (RCMs), particularly for the major heat waves over Europe during the last two decades (Vautard et al. 2013) . Cold temperature extremes, however, have received less attention compared to hot temperature extremes at the regional scale (e.g., Islam et al. 2009 ).
Over Canada, cold temperature and associated extremes such as cold spells during winter impact human health and lead to environmental hazards and severe disruptions in economic activities (Shabbar and Bonsal 2003) . Certainly, changes in cold temperature events will result in both positive and negative impacts on certain sectors. For instance, a future decrease in the frequency of cold extremes could alleviate cold-related injuries and deaths, and reduce energy consumption. However, it can have significant negative impacts on water resources and infrastructure management, forestry, northern transportation, and nonrenewable resource exploitation in Canada (Lemmen et al. 2008) .
Changes in cold temperature extremes are already evident in Canada. Shabbar and Bonsal (2003) reported decreases (increases) in the observed frequency and duration of cold spells in western (eastern) Canada for the 1950-1998 period, while decreasing trends in observed cold days, cold nights, and frost days have been reported over Canada for the 1950-2003 period by Vincent and Mekis (2006) . Based on the global scale CMIP3 and CMIP5 projections, several studies (Lemmen et al. 2008; IPCC 2012 IPCC , 2013 Jeong et al. 2012 Jeong et al. , 2013 Sillmann et al. 2013) have suggested that cold days will become less frequent with future warming climate conditions over Canada. However, detailed regional scale projections of cold temperature extremes based on high-resolution RCMs are not yet available for Canada.
The main purpose of this study is to evaluate changes to cold temperature extremes (i.e., cold nights, cold days, frost days, ice days, and cold spells) for the future 2040-2069 period with respect to the current 1970-1999 period over Canada, for the winter (December to March; DJFM) period, based on a multi-RCM ensemble available from the North American Regional Climate Change Assessment Program (NARCCAP) (Mearns et al. 2012) . The aim of the NARCCAP is to produce high-resolution climate change information for regional impact studies and the necessary ensembles required to estimate various types of uncertainties associated with climate change projections over North America.
This paper is organized as follows. Section 2 briefly describes the NARCCAP RCMs and their driving fields, the observed gridded dataset, and the study area. Detailed methodology to analyze climate change impacts on cold temperature extremes is described in Sect. 3. The results of the study are presented in Sect. 4 and a discussion and conclusions are provided in Sect. 5.
Models, data, and study area
Simulations from six different NARCCAP RCMs driven by National Center for Environmental Prediction Reanalysis II (NCEP2) (Kistler et al. 2001 ) and four Atmosphere-Ocean General Circulation Models (AOGCMs) are considered. The simulation domain covers the USA and most of Canada, except for the high latitude Arctic area, at the spatial resolution of 50 km (Mearns et al. 2012) . Though the NARCCAP domain covers most of North America, the analysis presented here is focused on Canada only. The NCEP2 driven simulations spanning the 1981-2003 period (referred to hereafter as validation period) are used to assess ability of RCMs in reproducing observed characteristics of cold temperature events, while those driven by AOGCMs are used to evaluate projected changes to the characteristics of cold temperature events for the future 2040-2069 period with respect to the current 1970-1999 period. All simulations considered in this study are summarized in Table 1 . Hereafter, the AOGCM-driven simulations will be collectively referred to as RCM-AOGCMs and those driven by NCEP2 will be referred to as RCM-NCEP2s.
The Grell and Devenyi 2002) . These RCMs were selected by the NARCCAP to provide a variety of model physics and/or to use models that have already performed multiyear climate change experiments (Mearns et al. 2012 ). These models have significantly different physics, especially for the parameterized sub-grid scale processes such as turbulence, radiative transport, boundary layer effects, and moist processes (Wehner 2013) . Gordon et al. 2000; Pope et al. 2000) . It must be noted that the AOGCM simulations correspond to the SRES (Special Report on Emissions Scenarios) A2 scenario, which is at the higher end of the SRES emissions scenarios and hence is often preferred for impacts and adaptation related studies. Further details about the NARC-CAP and participating RCMs and AOGCMs are available in Mearns et al. (2012) and also at the NARCCAP web site (www.narccap.ucar.edu).
The gridded observations of daily maximum and minimum temperatures (T min and T max hereafter) over Canada, used in this study for validation purposes, are obtained from Hopkinson et al. (2011) . This gridded dataset was developed from daily observations from Environment Canada climate stations using a thin plate smoothing spline surface fitting method and covers the Canadian landmass south of 60°N and is available at 10 km resolution.
The Canadian climatic regions ( Fig. 1 ) defined by Plummer et al. (2006) , based on climatic homogeneity, are used in this study to evaluate climate change impacts on cold temperature extremes at the regional scale. It must be noted that many studies over the region, including Mladjic et al. (2011 ), Mailhot et al. (2011 ) and Jeong et al. (2015 , also employed the same climatic regions to study changes in characteristics of extreme precipitation and temperature events. 
Methodology

Definitions of indices
A set of extreme indices has been recommended by the Expert Team on Climate Change Detection and Indices (ETCCDI) (Zhang et al. 2011) . In this study, four cold extreme day indices, i.e., cold night, cold day, frost day, and ice day, recommended by the ETCCDI, are considered. The cold night and cold day are percentile basedthreshold indices. The cold nights are the days with T min less than the local threshold of T min , and the cold days are the days with T max less than the local threshold of T max . The local thresholds for cold night and cold day for the RCM-NCEP2s correspond to the 10th percentile of daily T min and T max time series at each grid point for the validation winter (DJFM) period. Similarly, for the RCM-AOGCMs, the local thresholds for T min and T max correspond to the 10th percentile of T min and T max time series at each grid point for the current winter period of the respective RCM-AOGCM simulation. The cold nights and cold days for the RCM-AOGCMs for the future 2040-2069 period are identified based on the thresholds calculated from the RCM-AOGCMs for the current period to analyze climate change impacts on cold extreme days.
Determination of local thresholds for T min and T max to identify cold nights and cold days could be problematic as all RCM simulations have biases. If an RCM underestimates daily T min and T max values, it obviously overestimates the number of cold nights and cold days based on the T min and T max thresholds calculated from observations. This bias could also propagate and affect projected changes to the number of cold nights, cold days, and also cold spells. We, therefore, identify cold nights and cold days for each model based on the local thresholds calculated from the simulated temperatures of the same model instead of those from observations (Fischer and Schär 2010; Vautard et al. 2013) . To account for the seasonal cycle, smoothed 10th percentile thresholds were calculated for each calendar day using a 15-day moving average. The frost and ice days are identified based on absolute-threshold indices. The frost days are the days with T min less than 0 °C and the ice days are the days with T max less than 0 °C. These indices are important as their threshold is the melting point of ice. Changes in the frequency of midwinter freeze-thaw events could impact several natural hazards such as snow slides and avalanches, landslides, erosion of clayey slopes and friable sandstone cliffs, ice jam, and freezing rain. Freeze-thaw days are defined as the days with T min below 0 °C and T max above 0 °C.
A cold spell event can be defined as a period with T min below a temperature threshold of T min for a specific duration threshold. There are several definitions to identify cold spell events by employing different temperature and duration thresholds. For instance, ETCCDI and several other studies (Islam et al. 2009; Ramos et al. 2011; Peings et al. 2013; Sillmann et al. 2013; Wang et al. 2013 ) defined a cold spell as a period of at least six consecutive days (i.e., duration threshold) with daily T min below the 10th percentile of T min (i.e., temperature threshold) for a given reference period. Kyselý et al. (2012) and Shabbar and Bonsal (2003) , however, used two and three consecutive days as the duration threshold and 5th and 20th percentiles of T min as the temperature threshold, respectively, to identify a cold spell. In this study, a cold spell event is defined as a period with T min below the 10th percentile of T min series (i.e., cold night) for at least a duration threshold. Duration thresholds of 1-10 days are considered here.
Based on the identified cold extreme days and cold spells, the average number of cold nights, cold days, cold spell events, frost days, ice days, freeze-thaw days as well as the maximum duration of cold spells per winter are calculated for the validation period NCEP2 driven RCM simulations and for the current and future period AOGCM driven RCM simulations.
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Frequency analysis of annual maxima
Return values of maximum duration of cold spells for selected return periods, i.e., 10-, 20-, and 50-year, are estimated by the generalized extreme value (GEV) distribution. The GEV is theoretically the most suitable distribution for modeling block maxima (annual or seasonal maxima) (Hosking and Wallis 1997) . Following suggestions from Hosking et al. (1985) for samples of small to medium size, which are 29 for the current and future period simulations in the present study, the method of probability weighted moments is used to estimate parameters of the GEV distribution, assuming time-slice stationarity. Additional detail about the GEV distribution and parameter estimation method can be found in Hosking and Wallis (1997) .
Results
Validation
Prior to validating cold extremes indices, T min and T max series obtained from RCM-NCEP2s for the 1981-2003 period are evaluated. The aim of this validation exercise is to assess the errors associated with the physics and dynamics of the models, i.e., the performance errors. In Fig. 2 , mean values of winter time T min , T max , and diurnal temperature range (DTR; difference between T min and T max ) for the RCM-NCEP2s are compared with those obtained from the observed dataset. The statistics for the three northern climatic regions (i.e., YUKON, MACK, and EARCT) are not shown in this figure as gridded observations are not available for these regions. The seven southern climatic regions are generally associated with mean values of T min lower than 0 °C in winter. The mean values of T max for these regions are also lower than 0 °C, except for the southern parts of the western coastal (WCOAST) and western cordillera (WCRDRA), Canadian Maritimes (MRTMS), and Great Lakes (GRTLKS) regions.
Larger mean values of DTR in the range of 2-6 °C are noted over the western parts of NWFOR and eastern parts of NEFOR. DTR is dependent on a number of factors such as the land surface state and elevation and therefore net shortwave radiation, cloud cover, etc. For instance, the DTR is ▸ generally positively correlated with shortwave radiation and elevations, whereas it is negatively correlated with cloud cover and soil moisture (Jackson and Forster 2010) . The biases in T min are generally larger compared to those in T max . These biases are generally in the −4 to +6 °C range for T min mean, −3 to +4 °C range for T max mean, and −4 to +4 °C range for DTR mean. Among the RCMs, generally, CRCM and HRM3 show systematic cold and warm biases, respectively, whereas ECP2 and RCM3 show predominantly a warm bias, particularly for T min , for most of the southern climatic regions. MM5I and WRFG exhibit a large cold bias for T min over northeastern Canada. ECP2, HRM3, and RCM3 underestimate the DTR as they generally have larger warm biases for T min compared to T max , whereas CRCM overestimates the DTR as it has a lager cold bias for T min compared to T max . Despite the above mentioned biases, the RCM-NCEP2s reproduce spatial patterns of observed T min and T max mean values fairly well. For instance, spatial correlation coefficients of T min mean and T max mean between observations and simulations for southern Canada are in the range of 0.89-0.97 and 0.85-0.94, respectively.
The inter-annual variability of the number of cold nights for the RCM-NCEP2s is compared to those obtained from observations for seven climatic regions in Fig. 3 . The inter-annual variability is generally larger for the western-central climatic regions compared to the eastern climatic regions. Cold season atmospheric circulation patterns are quite different for western and eastern North America. El Niño-La Niña/Southern Oscillation (ENSO), Pacific North American (PNA) pattern, and Pacific Decadal Oscillation (PDO) are closely linked to the variability in winter temperatures over the western Canadian regions, whereas the North Atlantic Oscillation (NAO) and the Arctic Oscillation (AO) have an impact on the variability in winter temperatures over the eastern Canadian regions (Prowse et al. 2011 ). The year 1996, which was one of the most severe winters in the region (Environment Canada 1996) , is reproduced well by the RCM-NCEP2s, which is clearly visible in the plots for western-central regions (i.e., WCOAST, WCRDRA, NWFOR, and NPLAINS). Similarly, the year 1994, which was one of the coldest winter recorded over many parts of the northeast and north-central United States, as well as southern Canada (Assel et al. 1996) , is reproduced well by the RCM-NCEP2s, particularly over the NEFOR and GRTLKS regions. The RCMNCEP2s, in general, display better performance for the western-central climatic regions compared to the eastern climatic regions, which is possibly due to the higher interannual variability of T min for the western-central climatic regions compared to the eastern climatic regions. Analyses of cold days show basically similar characteristics as the cold nights (not shown). Figure 4 presents observed average number of frost days and ice days and those from the RCM-NCEP2s for the 1981-2003 period. According to observed data, the number of frost days is almost close to the total number of days of the winter period (i.e., 121 days in this study) for most regions, except for the south-western part of WCOAST, eastern part of MRTMS, and most part of GRTLKS. The observed number of ice days, on the other hand, exhibits a wider range (50-120 days). The southwestern and eastern coastal regions of Canada and GRTLKS generally display smaller than 60 days for the number of ice days as the mean values of T max for these regions are already larger than the absolute threshold of 0 °C. The number of frost days and ice days for the RCM-NCEP2s, however, are directly affected by the biases of T min and T max simulations as they are identified based on the absolute temperature threshold. For instance, CRCM (HRM3) overestimates (underestimates) the number of observed frost days and ice days over many parts of southern Canada. Similarly, ECP2, RCM3, and WRFG tend to underestimate the number of frost days over the NPLAINS region. These overestimations and underestimations are predominantly due to the overestimations and underestimations of T min and T max values for these regions (Fig. 2) .
The cold spell characteristics of the RCM-NCEP2s (not shown) generally reproduce the corresponding observed patterns well when using T min thresholds for each model CRCM-CGCM3
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[°C] calculated from the simulated T min series of the corresponding model. Among the 11 RCM-AOGCMs, T min values for CRCM-CCSM, CRCM-CGCM3, and ECP2-GFDL are cooler compared to those for HRM3-HadCM3, MM5I-CCSM, RCM3-CGCM3 and RCM3-GFDL (left column in Fig. 5 ). As shown in Fig. 2 , CRCM-NCEP2 and HRM3-NCEP2 show cold and warm biases in T min for the validation period. Similar biases are also observed in simulations driven by AOGCMs. Thus, the boundary forcing errors, i.e. the differences associated with the AOGCM boundary forcing data, reflected in the differences between RCM simulations driven by NCEP2 and those driven by AOGCMs, are generally smaller than the performance errors.
Projected changes
The projected changes to T min and T max and also to cold extreme days and cold spells for the future 2040-2069 period, with respect to the current 1970-1999 period, based on the 11 RCM-AOGCMs, are discussed here. The projected changes to the T min mean and standard deviation (SD) and DTR are presented in Fig. 5 . The RCMAOGCMs suggest an increase in the T min mean, which is generally larger than 2 °C. Spatially, the RCM-AOGCMs tend to project smaller increases in T min over the southwestern climatic regions (i.e., WCOAST, WCRDRA, and NPLAIN) compared to the other regions. The projected changes in the T min mean exhibit higher spatial variability among the 11 RCM-AOGCMs, particularly over the central and eastern climatic regions. Among the RCMAOGCMs, CCSM driven simulations (i.e., CRCM-CCSM, MM5I-CCSM, and WRFG-CCSM) show a larger increase in T min compared to the other simulations. RCM3-GFDL, on the other hand, shows the smallest increase. These results highlight the influence of the driving fields on RCM projections.
The RCM-AOGCMs generally show a decrease in the SD of T min , which could result in decreased frequency and severity of cold nights and cold spells in the future because the frequency and severity of cold extreme events are affected considerably by changes in the variability of T min . The RCM-AOGCMs also indicate a decrease in the DTR because T min increases more than T max in the future. Figure 6 presents projected changes to the number of cold nights and cold days. In the figure, projected changes are shown on the basis of the driving AOGCM (in columns) and RCM (in rows) in order to assess the uncertainties associated with model formulation and those associated with the large-scale boundary forcing. The former (latter) uncertainties, referred to generally as structural (driving AOGCM related) uncertainties, can be assessed by comparing figures in the column (row) corresponding to the same AOGCM (RCM). The number of cold nights and cold days for the current period are not provided as they are usually 10 % of the total number of days in winter (i.e., 12 days) according to their definitions. All RCM-AOGCMs suggest a decrease in the number of cold nights and cold days for all Canadian climatic regions in the future. The decreases are found statistically significant at the 10 % significance level based on the two-sample t test. The projected changes, however, are spatially inconsistent with each other as they are dependent on the model formulation and physical parameterization schemes of the respective RCM and also on the large-scale boundary forcing, i.e., the driving AOGCM. For example, projected changes to the number of cold nights and cold days and their spatial distributions are quite different for ECP2-GFDL, HRM3-GFDL, and RCM3-GFDL, which are driven by the same AOGCM, suggesting that these differences could be related to differences in parameterization schemes of the RCMs. Projected changes to the number of cold nights and cold days also show differences for the same RCM, with different boundary forcing. Spatially, the RCM-AOGCMs tend to project smaller decrease in the number of cold nights for the western climatic regions (i.e., YUKON, WCOAST, WCRDRA, and NPLAIN) as they generally suggest smaller increases in T min for these regions compared to the other regions as shown in Fig. 5 . The spatial distribution of RCM-AOGCM simulated number of cold days are similar to those of cold nights, but the projected decreases in the number of cold days are generally 1 or 2 days smaller than those of cold nights as T min increases more than T max in the future period. Box and whisker plots of spatial averages of the number of cold nights for the RCM-AOGCMs for both current and future periods for all ten climatic regions are shown in Fig. 7 . The RCM-AOGCMs suggest a decrease in the number of cold nights for the future period for all regions. It is also obvious that these box plots exhibit smaller interannual variability in the future period compared to the current. The RCM-AOGCMs, however, suggest smaller decreases in the number of cold nights for some western climatic regions (i.e., YUKON, WCOAST, and WCRDRA) compared to the other regions.
The projected changes to the number of freeze-thaw days for the future 2040-2069 period, with respect to the current 1970-1999 period, are presented in Fig. 8 . As shown in Fig. 5 , T min and T max values of the RCMAOGCMs for the southern and coastal Canadian regions are generally higher than those for the northern Canadian regions in the current period and hence increases in T min and T max suggest larger decreases in the number of frost days and ice days for southern Canada compared to northern regions (not shown). The RCM-AOGCMs also suggest larger decreases in the number of ice days than the number of frost days as increases in the T max values imply frequent exceedances of the absolute threshold of 0 °C than the T min values in the future period (not shown). Among the model simulations, CRCM-CCSM, CRCM-CGCM3, and ECP2-GFDL, which show cold biase in T min for the current period, tend to underestimate the number of frost days compared to the other simulations. If a particular RCM-AOGCM simulation has a cold bias in the current period, the future increase in the T min series could be more difficult to reach the fixed threshold (i.e., 0 °C) compared to another RCM-AOGCM simulation with an unbiased projection. Consequently, the RCM-AOGCMs suggest a significant increase in the number of freezethaw days for southern and coastal Canadian regions for the future period (Fig. 8) . Among the RCM-AOGCMs, ECP2-GFDL and RCM3-GFDL simulations (the fromer shows cold biase in T min and the latter shows the smallest increase in T min for the future period) tend to underestimate the number of freeze-thaw days compared to the other simulations. Figure 9 presents observed and simulated average number of cold spell events with respect to different duration thresholds for the current 1970-1999 period and its projected changes for the future 2040-2069 period for selected western (i.e. YUKON, WCOAST, WCRDRA, and NPLAINS) and eastern (i.e. NEFOR, MRTMS, and GRTLKS) climatic regions. All simulations yield about similar average number of cold spell events for the current period, which is certainly due to applying T min threshold calculated from the simulated T min series. All simulations suggest decreases in the number of cold spell events in the future, with the projected changes being larger for the eastern regions. Among the simulations, those driven by CCSM (i.e., CRCM-CCSM, MM5I-CCSM, and WRFG-CCSM) suggest relatively larger decreases as they project larger increases in T min compared to the other simulations (Fig. 5) . Figure 10 presents projected changes to the number of cold spells for the future 2040-2069 period, for 3-day Fig. 9 Regional averages of observed and RCM-AOGCM simulated number of cold spell events with respect to different duration thresholds for the current 1970-1999 period (left column) duration threshold. The spatial patterns of projected changes are basically similar to those for the number of cold nights shown in Fig. 6 . Again, CCSM driven simulations (i.e., CRCM-CCSM, MM5I-CCSM, and WRFG-CCSM) generally show larger decreases in the number of cold spell events compared to the other simulations, due to the larger increase in the future T min values (Fig. 5) . The decreases in the number of cold spells are found statistically significant at the 10 % significance level in all cases, based on the two-sample t test. In Fig. 11 , observed and simulated 10-, 20-, and 50-year return levels of maximum cold spell duration for the current 1970-1999 period and their projected changes for the future 2040-2069 period are shown for selected climatic regions. The return levels are in general larger for the western climatic regions compared to the eastern regions, for the current period, which is consistent with the variability of the number of cold nights. As shown in Figs. 3 and 7 , western climatic regions have larger inter-annual variability for the number of cold nights, which can result in higher return levels of maximum duration of cold spells compared to the eastern climatic regions. Again the RCM-AOGCMs generally suggest a decrease in return levels for all climatic regions in the future, with the projected changes being larger for eastern regions. The changes, however, display smaller decreases for return levels of longer return periods (e.g., 50-year) compared to those of shorter return periods (e.g., 10-year).
Discussion and conclusions
Projected changes to cold extreme days (i.e., cold nights, cold days, frost days, and ice days) and cold spells for the winter (DJFM) period over Canada, for the future 2040-2069 period with respect to the current 1970-1999 period, are investigated based on multi-RCM simulations available through NARCCAP. These simulations were obtained with six different RCMs and four different driving AOGCMs for the SRES A2 scenario. For assessing performance of This evaluation suggests that these RCMs are able to reproduce observed spatial patterns of the climatology of T min and T max and inter-annual variability in the number of cold days and nights over different climatic regions of Canada. It is noted that model biases directly affect the model performance in reproducing frost and ice days, which are identified using an absolute temperature threshold (0 °C). These biases, however, do not affect significantly their ability in reproducing cold nights, cold days, and cold spells, which are identified using local temperature thresholds of each model calculated from the simulated T min and T max series of the same model. The projected changes to the number of cold nights, cold days, frost days and ice days for various climatic regions are summarized in Fig. 12 . The RCM-AOGCMs suggest an overall decrease in the number of cold extreme events (i.e., cold nights, cold days and cold spells) for all climatic regions for the future period.
Results also suggest that the number of cold nights will decrease more than the number of cold days, as T min increases more than T max in future period compared to the current. The RCM-AOGCMs also suggest a decrease in the return values of maximum duration of cold spells. Future decreases in the frequency of cold temperature extremes can reduce cold-related fatalities in the future. For instance, Cheng et al. (2007) suggested that coldrelated mortality could decrease by more than 40 % in southern Ontario and Quebec by 2050, based on future scenarios of five general circulation models. On the other hand, favorable temperature during winter for insect species due to less frequent cold temperature extremes could lead to increased risk from vector-borne diseases in the future, which are already observed in the northern Canadian regions (Parkinson and Butler 2005) . The RCMAOGCMs suggest smaller decreases in the number of cold extreme events over western climatic regions (i.e., YUKON, WCOAST, WCRDRA, and NPLAINS) compared to the other regions.
The RCM-AOGCMs suggest an increase in the frequency of mid-winter freeze-thaw events as they project overall decreases in the number of frost days and ice days. The number of ice days is expected to decrease by a larger margin compared to the number of frost days, and southern climatic regions are expected to witness a larger decrease than the northern climatic regions in both indices. It is noted that cold biases of RCMs (e.g. CRCM-CCSM, CRCM-CGCM3, and ECP2-GFDL) could result in underestimation of the projected changes in the frequency of frost and ice days. The decrease will be more intense over the southern climatic regions than the northern climatic regions for the two absolute threshold indices. These decreases in cold extreme events can lead to some negative impacts. For instance, the increased frequency of midwinter freeze-thaw events could lead to several natural hazards such as snow slides and avalanches (Nickels et al. 2006) , landslides, erosion of clayey slopes and friable sandstone cliffs (Bernatchez and Dubois 2004) , ice jam (Beltaos and Prowse 2001) , and rain-on-snow flooding (Catto and Hickman 2004) . All of the above could create significant damages over the densely populated southern and coastal Canadian regions. Increased temperatures and decreased number of cold extreme events in winter also could result in positive and negative impacts on socioeconomic activities in the future. Increased winter temperatures could benefit the energy sector due to decreased energy demand for heating (Klaassen 2003) . For the transportation sector, decrease in the number of frost and ice days could result in reduced costs associated with snow removal and road management. With reduced winter ice cover, marine and river shipping could become more important for the transportation of goods and services and will reduce icebreaking costs in the future (Millerd 2005) . On the other hand, decreases in the thickness and duration of lake and river ice could significantly affect the viability of many winter road networks, which are providing access to remote communities and mine and forest sites in northern Canada (Lemmen et al. 2008) . Winter warming will create longer growing season, which could increase agricultural and forestry productivity and allow cultivate potentially more profitable crops and tree species in the future. Decreases in the number of frost and ice days can lead to changes in the duration and distribution of snow, which could impact winter recreational activities, such as snowmobiling and skiing, especially in southern Canada.
The projected changes derived in this study, based on high-resolution RCMs driven by different AOGCMs, are useful to evaluate detailed regional impacts on different social, economic, and environmental sectors. This study briefly discussed the negative and positive effects of the future warm winter on various sectors of Canada. However, more detailed studies are necessary to facilitate appropriate adaptation strategy, especially for the highly populated southern and costal Canadian regions, as these regions are clearly expected to experience less frequent cold extreme events and more frequent freeze-thaw events in the future winter according to the results presented. A bias correction procedure might be useful for RCM outputs, particularly to quantify projected changes to the number of frost and ice days, as model biases can affect these extreme days. In addition, the current study focused only on the SRES A2 emission scenario, and a broader set of emission scenarios might be necessary to evaluate uncertainties in the future projections of cold extreme days and cold spells.
